Changes in surface roughness during low cycle fatigue loading were investigated on austenitic stainless steel, SUS316NG, commonly used in the piping systems of nuclear power plants. The fatigue damage process, including crack initiation and propagation, was observed using cellulose acetate replicas, and the relationship between the process and changes in surface roughness was discussed. Strain-controlled fatigue tests were conducted on mirror polished specimens at constant strain range conditions Δε = 8, 4, and 1%. During the cyclic loadings, the surface roughness was measured at cycles determined with respect to the usage factor UF pre . As a result, the surface roughness was found to increase roughly linearly until approximately UF pre = 0.4 regardless of the strain range conditions. The rate at which surface roughness increased with UF pre became smaller with decreasing applied strain range. In the damage process, small cracks were observed to initiate very early in fatigue life. The cracks propagated slowly until about the middle of fatigue life, however it grew rapidly after around UF pre = 0.6. These results showed that the change in surface roughness is sensitive to fatigue loading even when cracks are very small and crack detection is difficult. The obtained results suggest that surface roughness can probably be used to assess fatigue damage until the middle of fatigue life because of its linear increase with respect to the number of cycles.
Introduction
To ensure the structural health of nuclear power plant components subjected to seismic load, precise damage evaluation is necessary from the view point of material strength. To maintain an appropriate safety margin, it is particularly important to know the seismic load effects on fatigue properties of structural members (1) (2) (3) (4) (5) (6) . Seismic-induced damage to nuclear power plant components is generally estimated on the basis of cumulative fatigue damage; in particular, the cumulative linear damage law is often used as a damage assessment method (7, 8) . This is a simple method to estimate seismic-induced damage (3, 4) , however its accuracy is not especially high because the estimation is based only on the number of seismic load cycles and does not represent the physical damage in the material (4) .
Therefore, it is necessary to focus on the physical damage process in order to evaluate the seismic load effects on subsequent fatigue life more precisely.
To measure the degree of physical damage accumulated in the material during fatigue loading, proper damage parameter selection is extremely important. In general, cyclic deformation affects the surface morphology of specimens, such as the evolution of surface reliefs or the increase in surface asperity. Changes in surface morphology are caused by the formation of extrusions and intrusions (9, 10) , which relate to the amount of physical damage.
Therefore, the surface roughness is a candidate for a nondestructive parameter to describe the physical fatigue damage. In our previous study (11) , we focused on the surface roughness to assess the fatigue damage quantitatively. The surface roughness was measured on four different specimens of austenitic stainless steel, which underwent a different number of cyclic loadings with Δε = 8%. The experimental data showed that the surface roughness of specimens increased roughly in proportion to the number of cycles. This suggests that the fatigue damage can be estimated by measuring surface roughness. However, the results were obtained by using four different samples with fatigue damage induced under a different number of cycles and a relatively large strain range condition. To clarify the validity of surface roughness as a damage assessment parameter, not only a large strain range but also a smaller one should be applied. Additionally, one specimen should be used to investigate the relation between the surface roughness and the fatigue damage process such as crack initiation and propagation. With this in mind, in this study we used one specimen to investigate changes in the surface roughness of austenitic stainless steel during low cycle fatigue loadings with not only Δε = 8% but also the smaller strain ranges. We also discussed the relationship between the changes in surface roughness and the crack initiation and propagation processes on the basis of cellulose acetate replica observations.
Experimental procedures
The material used in this experiment was solution heat-treated SUS316NG (nuclear grade) austenitic stainless steel. Its chemical components and mechanical properties are Table 1 Chemical components of SUS316NG (mass%) Tables 1 and 2 . An hourglass-type specimen (Fig. 1) was machined from the material. The specimen surface was finished by polishing with emery paper of various grades from 240 to 2000 grits and then by buffing with polishing diamond whose particle size was 1 μm. The arithmetic mean roughness of the mirror polished R-part surface was about 0.06 μm.
A servo-hydraulic fatigue testing machine with a load capacity of 100 kN was used. Tests were conducted in ambient air at room temperature. The strain ratio and strain rate during the tests were respectively R ε = -1 and 0.4%/sec. The strain was measured by the change in diameter at the specimen's minimum cross-section area. Strain-controlled fatigue tests were conducted at constant strain ranges for the following two purposes: one was to collect basic fatigue data (Δε-N curve) and the other was to investigate the changes in surface roughness. A test was terminated when the specimen fractured, and the number of cycles to failure was defined as the fatigue life N f .
The specimen's surface roughness was measured periodically during fatigue tests which were conducted at three constant strain ranges Δε = 8, 4, and 1%. Cyclic loading was interrupted at arbitrary cycles. The number of cycles was determined in accordance with the usage factor UF pre , which represents the degree of damage in cyclic loading and is defined by the following equation. In the equation, N pre is the number of loading cycles and N f0 is the fatigue life obtained at the applied strain range Δε (Δε = 8, 4, or 1%). The numbers of cycles at which the surface roughness was measured and the UF pre was calculated are listed in Table 3 . Four measurement points were set on the circumference at the specimen's minimum diameter.
In the surface roughness measurement, 3D images of the measurement points were taken by using a color 3D laser scanning microscope (VK-9700/9710 Generation II, KEYENCE). The arithmetic mean roughness R a was determined from these images by using a special 3D analysis method (software VK-Analyzer), which was expanded from the 2D method in accordance with the JIS B0601:2001 (ISO 4287:1997) standard.
The surface roughness analysis method is represented below. A diagram illustrating the surface roughness schematically is shown in Fig. 2 . As shown in Fig. 2 , R a is defined as the Table 3 Timing 
where n is the number of pixels within the ROI set on the 3D images, N is the number of data points, and Z n is the surface height relative to the reference plane.
At Δε = 8%, additionally, the surface of the mirror polished specimen was observed during fatigue loading. Cyclic loading was interrupted periodically, and micrographs of the specimen's surface at its minimum diameter were taken with the above-mentioned color 3D laser scanning microscope. In addition to this direct observation, the cellulose acetate replicas of surface reliefs were obtained in order to investigate the crack initiation and propagation processes. The surface profiles of the replicas were observed by using the color 3D laser scanning microscope.
Experimental results

Fatigue life
The fatigue test results are shown in Fig. 3 . The results represented by the triangular marks were obtained at Δε = 8, 4, 2, and 1%. The data of fatigue lives were fitted with a regression curve of the formula shown in Eq. (3). This equation was obtained by the least-square method.
Changes in surface roughness and surface morphology
The surface roughness measurement results are shown in Fig. 4 , where the graph on the left shows the changes in the surface roughness obtained in three strain ranges and the graph on the right shows the corresponding results at Δε = 1% in more detail. In the figures, the surface roughness at each measurement point on the surface range within the error bar, and the symbols (inversed triangle, diamond, and circle) show the average of the measurement results. As the figures show, the surface roughness increases with increasing the number of cycles. Focusing on the change tendency, the surface roughness at Δε = 8% increases Fig. 3 Δε-N curve obtained with mirror polished specimens roughly linearly until about UF pre = 0.4. After that, the increase rate gradually decreases. The rate from UF pre = 0.578 to UF pre = 0.771 is lower than that until UF pre = 0.4. At Δε = 4%, the surface roughness increases with the number of cycles and the change tendency is roughly similar to that at Δε = 8%. At Δε = 1%, the measurement values are much smaller than they are at Δε = 8 and 4%, however the right-hand graph in Fig. 4 shows that the values clearly increased with the number of cycles. The rate at which surface roughness increases with UF pre becomes smaller with decreasing applied strain range. Figure 5 shows micrographs of the specimen's surface at minimum diameter. Before the fatigue test, there was no substantial asperity on the surface. However, as the figure shows, the surface became rougher with increasing UF pre . At UF pre = 0.193, a crack less than 100 μm long was observed in the top-right corner of Fig. 5(a) . From Figs. 5(b) to 5(d), the crack grew with an increasing number of cycles. As shown in Fig. 5(d) , at UF pre = 0.771 the crack propagated in the direction perpendicular to the loading axis. At the smaller strain ranges, the slip bands were also observed and the surface asperity changed with increasing the number of cycles. At Δε = 4%, the surface became uneven and its appearance was similar to that of the surface at Δε = 8%. At Δε = 1%, the slip bands were observed locally on the surface of specimen, however the degree of surface relief evolution was smaller than those at the larger strain ranges.
Observation of crack initiation and propagation
In order to investigate the crack initiation and propagation processes in detail, the surface of specimen which was cyclically loaded at Δε = 8% was observed using cellulose acetate replicas. Micrographs of the replicas at different numbers of cycles are shown in Fig. 6 . These images correspond to the area around the crack shown in Fig. 5(a) . The images from Figs. 6(a) to 6(d) show the process until crack initiation. Comparing Figs. 6(a) and 6(b), it was shown that slips occurred in the grain at the surface. Slip bands and grain boundaries were observed clearly on the surface after the first cyclic loading. As shown in ), with subsequent loadings the number of slip bands increased significantly and grain boundaries became evident. Also, the surface texture changed from smooth to irregular, and the evolution of surface reliefs became evident. At N pre = 10 (UF pre = 0.092), a small crack initiated at the grain boundary ( Fig. 6(d) ). The black arrow in Fig. 6(d) indicates the crack, which is identical to the one shown in Fig. 5(a) . The crack length was about 75 μm. Besides this crack, at this UF pre several small crack initiations were observed on other replicas.
The images from Figs. 6(e) to 6(h) represent the crack propagation process. Comparing Fig. 6(d) with Fig. 6(e) , the crack grew slightly from N pre = 10 to N pre = 21 (UF pre = 0.193). The crack growth behavior was investigated by measuring the crack length at each UF pre . The measurement results are shown in Fig. 7 , where the tendency of increasing surface roughness is also represented for reference. The crack length at UF pre = 0.193 was about 85 μm, slightly longer than that shown in Fig. 6(d) . The crack length at UF pre = 0.385 was approximately 200 μm (Fig. 6(f) ), significantly longer than that at UF pre = 0.193. In addition, some other small cracks were observed in Fig. 6(f) . As shown in Figs. 6(g) and 6(h), the crack kept on growing; its length was about 250 μm at UF pre = 0.578 and over 500 μm at UF pre = 0.771. It grew substantially after the middle stage of fatigue life and propagated rapidly in the final stage due to crack coalescence. Some small cracks observed on other replicas also propagated during cyclic loading, and coalesced with each other. Focusing on the surface relief evolution in the crack propagation process from Figs. 6(e) to 6(h), the surface asperity became larger due to cyclic deformation. The number of slip bands increased until UF pre = 0.385, however it showed little change after that.
Discussion
As shown in Fig. 4 , the specimen's surface roughness increased with an increased number of cycles, and clear changes in surface roughness were obtained even at the smaller strain ranges (Δε = 4, 1%) . Until the middle stage of fatigue life (about UF pre = 0.4), the roughness was roughly proportional to the number of cycles. After the middle of fatigue life, at Δε = 1% the surface roughness kept increasing, however at Δε = 8% and 4% it became saturated around the end of fatigue life.
In general, the surface roughness changes due to the formation of extrusions and intrusions caused by active slip systems. When the material undergoes cyclic deformation, the slip systems in the grains at the surface become active. Consequently, irreversible dislocation movement occurs under cyclic loading and causes strain localization. The thin lamellae of persistent slip bands (PSBs) are formed at points where the strain localization occurs, and irreversible dislocation movement gives rise to the roughness profile of extrusions and intrusions (9) . The number of PSBs increases with subsequent cyclic loading and the surface gets rough. The extrusions that form the PSBs grow continuously, and the extrusion height also increases continuously during the whole fatigue life. There is a linear relationship between the extrusion height and the number of cycles (10) . The extrusion height is likely related to surface roughness; therefore the approximately linear relationship between surface roughness and the number of cycles is understandable. However, after around UF pre = 0.6, the surface roughness at Δε = 8 and 4% tended to be saturated with respect to the number of cycles. Figure 7 shows that a crack initiated in the very early stage of fatigue life, which was around UF pre = 0.1. The crack length did not significantly change until the middle of fatigue life. However, the crack grew rapidly around the end of fatigue life (Fig. 7) . Comparing the change tendency of surface roughness with the crack growth behavior, the surface roughness increased remarkably until the middle of fatigue life although the crack growth rate was small. After that, however, the rate at which the surface roughness increased with UF pre became smaller in contrast the crack growth rate became rapidly. There is a possibility that the crack propagation would affect the change in surface roughness during cyclic loading.
Surface observations at Δε = 8% (Fig. 6) show that in the early stage of fatigue life up to about UF pre = 0.1 (N pre = 10) there were no cracks on the surface. At about UF pre = 0.1 a small crack initiated. In the middle stage, the small crack did not propagate significantly. In principle, the crack's existence changes the stress and strain state of the material around it. However, since the crack was small in size, it had negligible negative effect on stress and strain of the bulk other than the crack. This means possibly that the extrusions grew continuously and the height increased linearly during cyclic loading until the middle of fatigue life. On the other hand, after around UF pre = 0.6 (N pre = 63) the crack grew rapidly due to crack coalescence during fatigue loading. In this case, most of the strain applied to the specimen was probably spent on crack propagation rather than on extrusions growth. Therefore, it can be assumed that the change in surface roughness decreased at the end of fatigue life.
As shown in Fig. 4 , the change trend of surface roughness at Δε = 4% was roughly similar to that at Δε = 8%. In contrast, at Δε = 1% the surface roughness did not become saturated. The above results were obtained by using a relatively small number of specimens. Therefore, it is necessary to investigate in more detail the changes in surface roughness at the smaller strain range conditions. The important result was, however, that clear changes in surface roughness were obtained even at a strain range as small as Δε = 1%.
The surface roughness showed an approximately linear increase with increasing UF pre until the middle stage of fatigue life (around UF pre = 0.4) regardless of the strain ranges. On the other hand, surface observations indicated the fatigue crack growth rate was small and the growth rate changed little until approximately UF pre = 0.4. Namely, the change in surface roughness was sensitive to fatigue loading even when the crack was very small and detection of its growth was difficult. The relationship between surface roughness and crack length suggests that the surface roughness can be applied as a nondestructive parameter that assesses the fatigue damage until the middle stage of fatigue life.
Conclusions
Strain-controlled fatigue tests were conducted at constant strain ranges by using mirror polished specimens of SUS316NG, and the surface roughness was measured periodically in order to investigate the change in surface roughness during fatigue loading. In addition, the fatigue damage process, including crack initiation and propagation, was observed using cellulose acetate replicas, and the relationship between the fatigue process and changes in surface roughness was discussed. The four main conclusions obtained from this study are summarized below.
(1) Until about the middle of fatigue life (UF pre = 0.4), the specimen's surface roughness increased linearly with the number of cycles regardless of the strain ranges. Especially clear changes in surface roughness were obtained even at a strain range as small as 1%. (2) The rate at which surface roughness increased with the number of cycles became smaller with decreasing applied strain range. (3) Surface observations revealed that small cracks initiated very early in fatigue life. The cracks propagated slowly until about the middle of fatigue life, and after around UF pre = 0.6 it grew rapidly. (4) Changes in surface roughness were sensitive to cyclic loading even when the crack was very small and the crack growth was slow. The results suggest that surface roughness can be used to assess fatigue damage until the middle of fatigue life due to its tendency to increase with the number of cycles.
